We report on long-term stability experiments on a novel MEMS radio frequency (RF) resonator fabricated in Aluminum Nitride technology. The AlN fabrication process allows for the realization of resonators, filters, and resonant sensors operating over the frequency range from 500 kHz to in excess of 10 GHz using CMOS compatible materials. The 100 MHz resonators used in these experiments were a ring design with 140-micron outer diameter and 100-micron inner diameter. Electrodes on the top and bottom of this AlN ring enable measurement of resonance. Wafer sections were stored in air and vacuum and tested daily. We observed a steady degradation in the resonant frequency (600 ppm over the 800 hours) for the devices stored in a vacuum. Small degradation was observed in the air experiment (50 ppm over 1200 hours). Failure analysis using secondary emission microscopy (SEM) revealed no differences between control devices and devices on test. However, subsequent investigation of blank wafer sections by Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) found small levels of silicone surface contamination from vacuum chamber exposure. This contamination added enough mass to shift the resonant frequency. These experiments demonstrate the need for clean environments for future wafer-level testing and also packaging for these small-mass resonators.
INTRODUCTION
MEMS resonators and filters show promise for the miniaturization of RF communication systems and are even touted as a replacement for quartz resonators. 1 MEMS resonators are attractive because of the potential for reduced size, cost, and power consumption. These aluminum nitride based resonators can be fully integrated in the microelectronics fabrication line. 2 The resonators can be combined to produce filters and with this technology hundreds of filters operating at many frequencies can be fabricated on the same chip. The frequency of a typical film-bulk acoustic resonator (FBAR) is thickness dependent which requires a different process for each frequency.
For reliable use, changes in frequency over time are of interest. The accuracy needed really depends on the application. For example, a frequency reference specification (quartz clock replacement) in an RF communications system is typically less than 10 parts per million (ppm) change in resonant frequency over lifetime. In consumer electronic applications such as USB, ±500 ppm frequency drift is often acceptable. Specifications for filters can be even more relaxed depending of the filter bandwidth. For example, a 5% useable bandwidth filter could have an actual bandwidth of 5.5% to allow for ±2500 ppm frequency drift. (1% is 10,000 ppm).
This work reports on long-term experiments on a 100 MHz resonator, comparing results from air and vacuum environments.
accessed through tungsten vias. The upper electrode is Al deposited on the surface of the AlN. Standard CMOS metals, aluminum (Al), titanium (Ti), titanium nitride (TiN) and tungsten (W) are used in fabrication.
The AlN layer comprises the piezoelectric component enabling electrical transduction of the resonator. When a voltage is applied to an electrode, the AlN displaces laterally. This displacement causes charge to flow to the opposite electrode. On resonance, the AlN layer experiences Q times the lateral displacement and outputs Q times the charge compared to frequencies off resonance. Typical loaded Q-factors for these devices are 1000. 
EXPERIMENTAL METHOD
This section discusses the measurement equipment and the measurement technique. A 20-MHz resonator is described as an example of the measurement technique. A separate experiment to test measurement repeatability is discussed as well as the experiment plan for the long-term stability tests.
Measurement Equipment and Technique
Three essential items were necessary to perform these experiments. One was a network analyzer (Agilent E5071C) and the other two were RF (Radio Frequency) probes (Cascade Microtech) connected with RF cables to the analyzer. Figure  2 shows a close-up view of the RF probes contacting the wafer section on a probe station. The black cylindrical sensor is shown in the background was used to measure the temperature. shows the MMR vacuum chamber that was modified to enable RF testing. This chamber has the capability to hold eight micromanipulators; however this experiment only required two micromanipulators. Vacuum face plates were used to seal on the unused ports. Two of the face plates were modified, one for thermocouple output and the other for RF cable output. The RF probes were attached to the micromanipulators and RF cables were routed out of the chamber through vacuum SMA connectors. The wafer section was placed on a machined block to achieve the proper height. A low magnification optic system was used to locate the resonators, assure good contact to the RF probe, and then move to the next resonator. The chamber was initially evacuated with a roughing pump and then a turbo pump was used to reduce the vacuum level to less than 60 x 10 -6 Torr. Temperature and pressure were measured during the experiments. The network analyzer was used to drive the resonators at increasing frequency to beyond where resonance was observed. The forward transmission coefficient, S21, was used to determine the resonant frequency and loaded Q. The first scan performed was wide in frequency so the series (S) and parallel (P) peaks were observed. A tighter scan yielding higher resolution was then performed to determine resonant frequency and Q L .
To measure the frequency very accurately, to somewhere near 1 ppm, the expanded scans were selected centered on the resonance. For a 20 MHz resonator, the scan width was 40,000 Hz which was distributed over 1600 steps in the network analyzer for a frequency step of 25 Hz. This yields a step resolution of 25Hz/20MHz or 1.25 ppm. For a 100 MHz resonator, the scan width was 200,000 Hz which was distributed over 1600 steps in the network analyzer for a frequency step of 125 Hz. This yields a step resolution of 125Hz/100MHz or 1.25 ppm. Smaller frequency steps would give rise to higher resolution, but would require more intense set-up before each measurement (because the resonant frequencies are different). The resolution of 1.25 ppm was deemed acceptable for this first experiment.
Sample scans of a 20 MHz resonator are shown in Figure 4 . On the left is the wide scan and on the right are the expanded scans of the S and P peaks. The significant measurements acquired from the transmission expanded scan are shown on the right. The star represents the resonant frequency which was just the frequency with the maximum amplitude of S21 (actually, maximum for S-peak, minimum for P-peak). Also shown are the -3db values on either side of the peak which were used to calculate Q L . The value of Q L in all of the following measurements was calculated using 
Resonator Characterization
Resonators from four reticles of the wafer section were chosen for characterization. They were labeled A, B, C, and D. The resonators tested from the same area of the wafer had different resonant frequencies as shown in Figure 5 . All of the figures show the same basic pattern of the A and B reticles having a lower resonance frequency than the C and D resonators. This was due to the location of the resonators on the wafer; the outer edge of the wafer produces higher and sharper resonances. C and D resonators were on the outer edge. This is a known effect due to fabrication. 
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Measurement Repeatability
In order to check the repeatability of the measurements for resonant frequency an experiment was performed over two hours. One control resonator (100 MHz) was measured and the analyzer output file was manipulated to assess resonant frequency and Q L . After each measurement, the RF probes were raised and then lowered into contact again. The measurement was then repeated again for 19 more times. As shown in the left graph in Figure 6 , the S-peak data has an average frequency drift of 5 ± 3 ppm and the noisier P-peak data has an average frequency drift of -9 ± 13 ppm.
Another experiment was done where the probes were never lifted off the pads of the resonator, yet the measurement was repeated nine times in 1.3 hours. The S-peak data had an average frequency change of 1 ± 2 ppm and the P-peak was 5 ± 8 ppm. Unfortunately, the resonator chosen for the above tests had a rather large parasitic resonance which did have an effect on the measurement of the P-peak and probably produced some of the variability in frequency so that data should be ignored. However, these results indicate that the measurement uncertainty was 3 ppm as compared to a need of 1 ppm. More work is needed here to assess where the uncertainty lies. Figure 6 . The raise-lower repeatability graph on the left shows a solid S-peak measurement, but a much noisier P-peak measurement. The never-lifted graph on the right also shows a solid S-peak measurement and a noisier P-peak measurement.
Experimental Plan
Resonators from four reticles of each wafer section (air or vacuum) were chosen for the experiments. They were labeled A, B, C, and D. The resonators were unpowered and only activated for interrogation purposes once a day undergoing a wide scan followed by two expanded scans. A similar experiment was performed in the open air of the lab. A control wafer piece was kept in a dry nitrogen environment until needed. During each daily interrogation process, the network analyzer was used to determine the S-parameters (S21, S12, angles …) of the resonators as a function of frequency. The data output of the analyzer was then further analyzed to give resonant frequency and Q L . Each subsequent measurement of resonant frequency was compared to the initial measurement at the start of the test. If the devices (and our test method) were stable, this would indicate no change over time. The original plan was to acquire data over 1000 hours.
EXPERIMENTAL RESULTS
Air Test Data
Data were also taken on resonators in an air environment over 1200 hours. The behavior over time is shown in Figure 9 where the measured Q L was also shown on a secondary axis. In the network analyzer measurement, the resistive load (50-ohm termination) affects the series measurement much more than the parallel measurement so Q L for the S-peak is always lower than Q L for the P-peak. The data from the S-peak shows scatter of ±100 ppm. Resonator A was broken accidently with a probe tip yielding only 5 measurements. A slight degradation of 50 ppm over 1200 hours was observed in the P-peak data. Note that resonator B had lower Q L factor which could be a result of a slight parasitic resonance affecting the Q L calculation. Figure 7 . The data from the air experiment show no degradation in resonant frequency (but noise) for the S-peak and slight degradation of 50 ppm over 1200 hours in the P-peak. The Q-value is shown on the right axis and those data are labeled with Q.
Vacuum Test Data
Data were also taken from four different resonators located in the vacuum chamber. The analyzed data from the 100 MHz resonators in vacuum are shown in Figure 8 where the measured QL was also plotted using a secondary axis. Note the expected increase in Q L in the vacuum environment as compared to the air environment of Figure 7 . A steady degradation over time was observed with the largest change in the first 24 hours. The experiment was stopped after 760 hours and a resonant frequency change of almost 600 ppm in order to investigate the degradation. A slight degradation in Q L was also observed. As mentioned earlier, the temperature was monitored throughout this entire experiment and based on the temperature sensitivity of the resonators would have resulted in only a 5 ppm frequency shift. In other experiments with MEMS resonators, the package environment has been shown to be crucial to stability. Kim 3 has described success with wafer-scale encapsulation techniques where they measured the resonant frequency of encapsulated resonators for over 9000 hours and the variation remained within the measurement uncertainty of 3.1 ppm. Determining the cause of the large degradation observed in our experiment was crucial and is described in the failure analysis section.
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FAILURE ANALYSIS
The degradation in resonant frequency ((k/m) 1/2 where k is spring constant and m is mass) could result from a reduction in spring constant or and increase in mass. A spring constant change would require severe material property changes which were not expected to occur in an ambient temperature experiment. The most likely culprit was suspected to be an increase in mass.
The 100 MHz test devices were inspected both optically and using Scanning Electron Microscopy (SEM). All initial inspections revealed intact, structurally sound resonators. There were high levels of wear debris on the bond pads due to the repetition of applying probe tips to measure functionality daily. There were no instances of debris on the surface of the resonator. There were no detectable differences between the vacuum or air samples or controls.
As a test for surface contamination, three wafers were prepared; 1) bare Si wafer, 2) Si wafer plus 750 nm of Aluminum Nitride, and 3) Si wafer plus 750 nm of Aluminum Nitride plus 100 nm of Al. These wafers replicate the exposed surfaces of the resonators. The wafers were cleaved and pieces were placed in the vacuum chamber for 10 days. Three pieces were also set aside as controls. The wafer pieces were then analyzed using Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) to investigate differences in organic contamination between the control and vacuum cases. Silicone was found to be the contaminant on all three vacuum samples. No other organic species were found to be significantly higher in concentration on the vacuum sample compared to the control. Silicon can come from numerous sources such as vacuum grease, silicon gaskets, silicone pumping oils, and gloves. We suspect the vacuum grease from the seals around the manipulators as the culprit. Figure 9 shows the contamination intensity for each wafer piece. Two large peaks in vacuum case are silicone related. 
CONCLUSIONS
There was a definite degradation of the resonators stored and tested in the vacuum chamber. The chamber contaminated the surface of the resonators over time. The mass of the resonator is only 150 nano-grams so very small amounts of silicone are enough to change the resonant frequency. These results indicate the need for clean test and packaging environments over the lifetime of the device. Additionally, the repeatability experiment showed that our method of taking and analyzing the s-parameter data may not be sensitive enough for this application if a specification of less than 1 ppm of frequency change over its lifetime is required.
